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ELECTRON PARAMAGNETIC RESONANCE 
STUDIES OF Y=IRRADIATED POLYPEPTIDES 





Chapter I 
INTRODUCTION 


Electron paramagnetic resonance studies began in 1945 with the pioneer= 
ing work of beste in Russia. Stimlated by the early work of ioe in 
the field of paramagnetic relaxation, Zavoisky detected the first electron 
resonance in solutions containing paramagnetic ions. Subsequent improvements 
in detection efficiency due to the application of more advanced microwave 
techniques soon led to the observation of this spin-resonance phenomenon in 
solids and gasses as well. 

In electron spin resonance, magnetic dipole transitions are observed 
between energy levels of a system which is perturbed by a large magnetic 
field, such that the transitions take place in the microwave region. The 
basic theory governing such transitions was well know; nevertheless, further 
developments in this field resulted in the formulation of the ‘spin Hamilton- 
ijanf treatment of Abragam and eine, and then application of molecular 
orbital theory and valence bond theory, with the additional refinements of 
configurational interaction and hyperconjugation, in order to explain the 
complex hyperfine structure observed in many spin=resenance spectra. Thus, 
electron paramagnetic resonance had established itself as a valuable tool 
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3 
for the study ef inorganic materiels when, in 1954, Commoner, Townsend, and 
tains first observed the paramagnetic resonance of naturally occurring un 
paired electrons in biological substances. This discovery was scon followed 
by the application of electron paramagnetic resonance techniques to the in- 
vestigation of a wide variety of organic preparations of biological signifi- 
Cances 

These experiments may be breadly grouped into two main classes: (a) 
Those involving naturally occurring unpaired jue : ol (bd) those 
involving free endathin produced as intermediates in biological chemical 
eae,” <" artificially created by incident-ionizing radiation. In 
the latter field, the advent of nuclear explosions and readily available 
high energy sources of ionizing radiation accelerated interest in the mechan- 
isms and effects of radiation damago in biological material. 

Extensive studies of irradiated proteins, ' eee uaa” and asso=- 
ciated biological osen have been undertaken in this laboratory. Ordin- 
arily these substances do not possess unpaired electrons and therefore would 
not exhibit paramagnetic resonance abserption; however, it has been found 
that exposure to radiation with sufficient energy to ionize the molecule or 
break molecular bonds will in many cases result in the formation of free 
radicals with long lifetimes, often of the order of aiitinn Since ons of 
the characteristics of a free radical, due to the presence of an unpaired 
electron in *he outer orbliasg of the system, ie an extremely high chemical 
reactivity, thts vould ‘cient some type of trapping mechanism (the cage 


effect) which inhibits changes in the radicals formed. Further discussion of 





8 
* A free radical may be defined as *a molecule, or part of a molecule, 
in which the normal chemical binding has been modified so that an unpaired 
electron is left associated with the system.? 
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this effect will be found in Chapter II. 

Studies of the formation of free radicals in proteins and amino acids 
at 77K and the subsequent changes in these radicals as the samples are 
warmed to 300°K » have led to the conclusion that, at first, primary radicals 
are formed in these compounds which then change when warmed to other secon= 
dary sy The results of this work indicated that Jf -irradiated pro- 
teins give characteristically different electron paramagnetic resonance 
patterns when irradiated and observed at 77°K, and the possibility of using 
electron paramagnetic resonance coupled with ioniging irradiation was pro- 
posed as a now method for identification of the amino acid residue in pro- 
teins. 

17 

Karly work with the simple di~peptide glycyleglycine and several other 
die-peptides and ., had shown that the paramagnetic resonance 
spectrum of an amino acid was altered when this amino acid becomes part of a 
lenger chain molecule through formation of the peptide bond, and that effects 
of the terminal groups are often important in determining the type of radical 
formed for these short chain molecules. Identification of radicals charac- 
teristic of the particular amino acid residues would then require investi- 
gation of fairly leng polypeptides artificially created from only one amino 
acid. Recently, these have become commercially available as a result of 
rapid advances in a one-step polymerization process as reported by Katchal- 
ait. 

These preliminary developments immediately suggested the investigations 
which are the subject of this thesis. Eighteen of these synthetic polypep= 
tides, composed of only one type of amino acid residue, have been studied, 





* Polypeptides used in these studies may be purchased from the Schwartz 
Biochemical Research Co., Mte Vernon, N. Y. 


Ee a <¢ ee ive 
am een ee te ee oe ee ee 
ee 
i n,n 2 mill GO Oe 
ess 
~~“ /| <a pee or eo ee oo — 
——— Se a Os 
on. ewe = ee 
at Een! ees @ Cee eee 











— 6 oe ee ae fe —_——_ 


— 








Se “= — 
Re, CE OE =| eee | 
1 Ont Sent Gee tie tee ee 
—_—_—_—]|]— ——— —= 
MM ee ————. — ——«§ <8 ee ae 4 
ee a <a. oe 
ES A ES | ES OEE 
EE A OS OO RE Fe 
ee + Ge ee eee eee oe 
—_—ee ey] ee ee ee 















ee Ee 
=e ew eee Ce ee 
PES @ OE wns ee 


ee 





and a discussion of the results obtained will be found in Chapter IV. The 
paramagnetic resonance spectrum was observed for each substance under the 
following conditions: (a) Irradiated and observed in vacuum at 300°K, (b) 
irradiated and observed in vacuum at 77°K, (c) warming from 77°K to 300%, 
(d) opened to air at 300°K. A complete cempilation of the spectra observed 
in (a) and (b) above is included, as well as representative tracings of the 
effects noted in (c) and (d) for various samples. 





Chapter IT 
THEORY 


A. he Resonance Condition. One of the characteristics of free radi- 
cals and paramagnetic atoms or iens is the presence of an unpaired electron, 
that is, one whose angular momentum is not cancelied out by other surrounc= 
ing electrons, and which, therefore, possesses a magnetic dipole moxent, » ° 
The magnetic moment may be related to the spin and orbital angular momenta 


= - 
of the electron, designated by § and f , in the following mamer: 


n $-4,BL 
M=-4sBS - 94? (2) 
€ 
where 6 is the usual Behr ton ——, and and face 
6B eu magneton, given woot Is Jeo 
ters which indicate the relative contributions ef the spin and orbital angu~ 
lar momenta te the magnetic moment, 
The energy of interaction of the mgnetic dipole with an external. mage 
a 


netic field, A » is given by 
—— 
W=—m-A ® 
For weak fields, A and 3 combine vectorially to give a resultant total 


oxmtiee 
angular mementun, j » Which precesses about the direction of the field. 
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The component of magnetic moment along J is 


Aj= 9P J @) 


where here g is given by the usual Lande relation, ig. 
j(j+t) +s (st!) -2 (241) 
oa | en merc eee a 
J 7 Feith) x - 
The time average of 4 perpendicular te 7 is zero. Hence, coubining equa- 
tions 2 and 3, we have 


imate 
W= gP j:H =g8mH (5) 
where now m;is the component of j along | 4 which may take the values 
ino! sae =J+1, ~) « Thus, wo have a series of Zi+l energy levels 
possible for a particular |. Using Bohr's frequency rule 
hy, = AE, s (6) 


= A m) (7) 
hy, rn! 9P H ( 
This is the resonance conditions, relating the frequency of the transi- 
tion, ¥, m! between two perturbed Zeeman sublevels and the perturbing field. 
' 
Selection rules arise governing 4m frem an examination of the prebabil~- 


we have 


ity of transition (in ae? between two levels, m and nf by absorption of 
electramenstic radiation. This is given by: 


Sir? = 2 

Pm! = he Xm] 4 |m’> | P (Un, m') (8) 
where e(y, a) is the incident density of radiative energy/unit frequency 
range, at the resonant frequency, Ym, m! » By Using appropriate electronic wave 
functions, the non-vanishing matrix elements in equation S$ may be calculated. 
The following conditions on am result: 

(a)JAm=O , for radiation linearly polarized parallel to H (corresponds 

to no transition). 


lie 
(b)Am=+], for radiation linearly polarized perpendicular to H. 
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Therefore, equation 7 becomes simply: 
hv =g9BH (9) 

showing that transitions may be induced between the levels for which am=t |, 
by an oscillating microwave magnetic field of frequency, ’, perpendicular to 
an external field, H “ 

However, since induced emission and induced absorption are both equally 
probable, a net absorption will occur only if a population difference exists 
in faver of the lower state. If a system is in thermal equilibriun, the 


munber of atems in the state mis given by 
AE(m, m+!) 


N= Niner & e aT - 
or, for this case, since 9BH << | 

the excess number of atoms in the lower state is: BH 

excess=N_-N_. = Nin 4 (11) 

(Poe: cnserbed bn excess i] x Energy (12) 

lower state —- 
Transition 
7 (reset -1 
Probability (sec ) 
(Power absorbed) SE y_ (98H) uM)” Pp (13) 
\ ‘<7 my m+ 


Henee, for greater ease in detection, use of high fields and low tem 


or 


peratures is desirable. 

When an unpaired electron absorbs power and goes to a higher level, 
there mast be a mechanism whereby it may lese energy (other than by induced 
emission) or the populations in the two levels involved would scon became 
equal, and no further absorption would eccur. Relaxation processes account 
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9 
for this energy loss. Such processes will tend to reduce the lifetime, At ’ 
in a given state, however, and cause the resonance to be broadened by an 


AE= Di (1A) 


accerding to the uncertainty principle. 
Further aspects of line breadening will be discussed in the following 


amount 


sections, while detailed accounts of the effects of saturation and relaxe- 
tion precesses may be found in the literature. 

Be The g-factor. Nearly all free radical spectra occur at g~-values 
very close to the free spin g-factor of 2.0023 (variation from 2.0 escurs 
from a consideration of relativistic effects). This would suggest that the 
contribution of the orbital angular momentum to the resultant magnetic manent 
is slignt, or an effective quenching of orbital angular mementum has occurred. 

For an unpaired electron in a free radical, this effect my be explained 
by 2 consideration of the covalent bonding of the atoms in the radical. De=- 
localization of the unpaired electron onto the surrounding bonded ateovs 
occurs with a resultant quantization of the orbital angular momentum along 
the axis of the bond. This is essentially a Sterk splitting ef the 22+ 
degenerate atomic orbital levels by e strong electric field along the molecu- 
lar bend axis, leaving one orbital level considerably lower in energy than 
the others. For most cases, this splitting is so large that only the lowr 
orbital level is populated at normal temperetures. Effectively, the syste 
is now an orbital singlet, and an effective orbital engular momentum, L= O 5 
may be assigned. 

The internal field interacts directly with the orbital angular momentum, 
orienting it along the fleld axis, but only indirectly with the spin angular 
womentum, through the mechanism of spin-crbit coupling. The perturbing effect 
ef spin-orbit coupling causes the spin to precess about the resultant of the 


7 ee EEE — | ». ca ome ——— le al 
ee oe ee ee a 





¢ - 

Ab ‘ie 7a = 
———in—in | 

—— es, - a an Ai rm: miles, a 


ns _ ———— —— inp 
—_. 97%, ae ——— = 


—yM «one ee = «§ fo ome 
tl aa. ol 
et 
ee eee Corte © = ee” eee (ee | 
Ts 8 gg -es | 
a a ae fee 2 Oe 8 © tees ceo al 
7 oe ee ee! © eee me 6 ee ; 
LT Ie oe NS ee He ott ce 
















OO oO mee 6 —_—_—— "oy a 
eo 


vss toe AL. Li - ft 
Sees eee eee oe te Lee 




















10 
applied magnetic fieid and the saaller orbital magnetic dipole field, bring- 
ing about an asymmetry in the tetal angular romentum, and consequently in 
the e-factor. The most pronounced effect of this nature is observed in 
single crystals, . “S which the spatial orientation of the molecular bend 
about which the orbital momentum precesses is fixed in the solid. If Jy) 2nd 
g 3 are the g-facters observed when the bond axis is parallel and perpendic=- 
ular to the applied field, the g-facter for the molecular symmetry axis at 
an arbitrery angle, 0 » with respect to the applied “ee is given by 

7. 
g (e)= (g ecos 0 +9, sin“@) : (25) 
9,204 wa be functions of the energy separation of the orbital icvels 
and the magnitude of the spin-orbit coupling. 

In the polycrystalline (powder) samples used in these studies, anisotropy 
in the g-facter appears as a broadening of the lines, due te the randain orien- 
tations of the individual crystals in the sample. 

Ce Hyperfine Structuree The great usefulness of electron spin resc= 
nance in free radical studies arises from the existence of well resolved and 
characteristic hyperfine structure. The hyperfine splitting of an electron 
resonance line occurs because of the interaction between the magnetic moment 
ef the umpaired electron ond the magnetic moment ef nuclei which are included 
in the molecular orbital of the electron. Abragam and tee have developed 
a theory for such an interaction for the particular case of a single macleus 
in the electron paramagnetic resonance of hydrated iren=-group crystals, 
which is sufficiently general for application to free radicals. In this 
work, a tspin Haniltonian® is derived, in which a series of terms describing 
each interaction is included. For free radicals, assuming orbital quenching, 
only twe terms are important: 


Ay = gi; PAS) + AG ST, , (16) 
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ll 
fhe first term describes the interaction of the magnetic field with the elec- 
tren moment and gives rise to fine structure, already discussed; while the 
second tern concerns the electron spin=nuclear spin interection, the origin 
of the hyperfine structure. Aore dotalled examination reveals that this late 
ter interaction may be divided into two parts, an anisetroplic ceepenent and 
an isotropic camponent. 

The anisotropic hyperfine splitting occurs as a result of the classical 
interaction of two om aS tn and is given by: 


$= Be pn “73 =. (ite ®) jin’) 17) 


Whe =< he spi 

= Me= -2p8 9 An= 9n Pal 5S aa 

angular momentum in units of } for the unpaired aun, Bis the nuclear 
——P 


magneton, L ig the nuclear spin angular momentum in units of Ff, and Ar is 
the radius vector fren the mucleus to the unpaired electron. 

The lsotrepic interaction, first treated by athe comes frem & non 
vanishing electronic wave function density at the nucleus, and eccurs only 
for a-type electrons. It may be written in the feallewing manner: 


MF So BB | ¥o)|Pacn ST 


where A=O 
A(a)=) 
“ A#0 
and (yo) |¢ is the prebability one of the electron wave function at the 


position of the micleus."/ Geabining those terms, the Haniltenien for the hy- 
perfine interaction may then be written as 


Me 25,68, Lae MA)OS)-303- + |y(o)l'a(n)S-Z | as) 
in the magnetic fields of a few kilogauss usually used in spin resonance 
work, the electrenic and melear gpins are decoupled and precess independently 
about the direction of the applied field. In this case, the quantux numbers 


(18) 
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12 
Mand m may be defined as the projection of the electronic spin and the spin 
of the mucleus respectively, upon the field direction. Then 


= (S:2R)(T'X) =Mmnicos*O (21) 


where @ is the angle between 7 and the field axis. Svaluatien of the energies 
fren equation 19 is now straightferward. Expanding to include the effects 
of i melei and using the selection rules,AM=t? | ,4mi=0,”7 we obtain 


Wi=2 e9,,PB, (<2) +2] (0)|(%:) mM; (22) 
or W= Z A:m: (23) 


( A,= coupling constant), 
for the total energy of the hyperfine interaction, where a “6, im) is 
the average of the anisotropic term over the orbital of the oidieth electron. 
This term will, in general, be a function of the orientation of the free 
radical with respect to the Meld, while fer a spherically symmetric s or 
tal it goes to cero. 

We may now write the complete resonance condition, including hyperfine 


effects: 


hv=gBH+Z Aim (24 
or hy= 9B [H+ AH | (25) 


where Aisa FA, m vepresents the width of the hyperfine splitting in gauss, 
the cael usually measured. 

A primary source of the hyperfine interection in biological free radi- 
cals is the hydrogen mecleus. For an electron in a hydrogen ls orbital, the 
anisotropic —e- vanishes, leaving the isotropic term, which has a 
value of 507 gauss. ‘The ratio of the total isotropic splitting to 507 gauss 
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43 
will then give the fraction of ls character the unpaired electron in a free 
radical will have in the vicinity of the hydrogen meclei. If the unpaired 
electron couples equally with n protons 


hav gBH+AZ m; il 


-* Z om; =3n,gn-I, a * cgnetl,- ZN. 

This will result in 2n+1 lines, with the relative intensity of each line 
proportional to the mmber of distinct arrangements of the n protons to give 
each value of Zm-, The splittings between the lines measure the ls charac- 
ter of the unpaired electron. 

D. Configurational Interaction. In many spin resenance spectra, hyper 
fine splittings are observed when the application of atomic and molecular 
erbital theery coupled with the considerations of the previous sections would 
predict no, or very small, splittings would occur. Thus, an unpaired electron 
associated with a planar ring structure, and delocalized in the TT -orbital 
system, above and below the plane of the ring, would bs expected to have a 
gero wave-function density at the nuclei of the ring, and consequently no 
interaction with the edge protons of the ring. It is found experimentally, 
however, that a marked and well-resolved hyperfine structure does exist in 
this ma The effect of configurational interaction supplies the important 
mechanism whereby this may occur. First, let us censider the bonding between 
@ carbon and a hydrogen atem Carbon, through hybridization of its atemic 
orbitals, may be foand in any one of three equivalent bonding json 
They are designated sp, or digonal; rs trigonal; and 7 er tetragonal; 
with bond angles of 160°, 120°, and 109° 28, respectively. A bonding 
hydregen atom will then form a o bond with one of the hybrid carbon orbitals. 
An unpaired electren in the carbon p orbital will then have no probability 
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Ls 
Gensity at the preten, and hence no hyperfine spiitting. However, if wo 
allow higher order molecular orbitals of the proper syimetry to six with the 
bonding o orbital, thers will also be an admixture with the orbital of the 
unpaired electron and hence, a finite probability density at the site of the 
proton, accounting for the observed hyperfine splitting. cen and 
MeConmell have treated this configurational interaction quantitatively, 
with the result that the hyperfine splitting produced by a proton attached 
te a given carbon atom is linearly preportional to the electren density on 
that carbon atom. The hyperfine splitting due to interaction with this pro- 
ten may then bo written as 

AH=AQP; (27) 

waers P: is the unpaired spin density on the i*® carbon aten, and Q is a 
semi-empirical constant, depanding upen the molecule (2S gauss for aromatic 
hydrecerbens). 

More rigorous intieede of the configurational interaction revealed the 
possibility of negative spin density at certain carbon atoms. This negative 
spin density is produced by the disturbing effect of the unpaired electron 
on the orbitals of the paired electrons, causing an effective unpairing of 
the previous balanced orbits which creates a spin density opposite in sign 
te the electron producing it. The algebraic sum of the spin densities ree 
mains unity, fer the positive spin densities increase proportionally; hkew 
ever, the hyperfine splitting depends upen the sum of the magnitudes of the 
spin densities, which may now exceed unity, is. 


mgt but 2 le,12) (28) 


Ee diyperceningation. The previous theory is still net adequate te 
describe the hyperfine splitting that eccurs for an electron in a carbon 
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15 
P orbital when a methyl (Ci) group is bended to an sp hybridiged carbon 
atom. 

Through the proper combination of the proton wave functions in the 
methyl group, however, a composite wave function may be formed with the same 
spatial syametry as that of the carbon Pp orbital. Interaction will then 
eceur through the overlap between the two wave functions. Since the methyl 
group rotates about the C-C bond, the three protons contribute equally to 
the splitting. This type of interaction, depending upon ths overlap of wave- 
functions with the same symmetry or pseudo-symietry, is called thyperconjuga=~ 
tion. * 


Here again we may write for the splitting (fer each proton): 


AH=QP; (29) 


where G; is the spin density on the sp” carben, and Q is a semi-empirical 


constant (~25 gauss). Tims, it my be seen that hyperconjugation is a more 
direct and potent effect than configurational interaction, each proton of 
the methyl group producing apprescimtely the same splitting as a proton con- 
nected directly to the carbon atom in question. 

Pe Line Widths. Observed line widths for free radical spectra depend 
upon many variables: the spin-lattice interaction, dipole-dipele coupling 
(an anisotropic spin-spin interaction), exchange narrowing, hemegeneous and 
inhomogensous broadening, and anisotroplry in the gefactor. 

The spin-lattice interaction invelves all processes in which the elec- 
tron spins may give up energy to the molecule or lattice as a whole. Most 
generally, the interaction takes place through the intermediary of spin-orbit 
coupling. The effect is usuelly characterized by a relaxation time, Ty: 


given by A” 
1 a \27N (30) 


ed =~) —< ay 











-— + ee ey ot ee 
~~ See ee hl le or aD 
— eee at! ae ele ee ee 










ten ewe «© 6. eee ee oe 

6S ee Oe ‘2 =f} Gow 
mens & eee Ce + o = 
foe 66 et ne eo Oe 





-_ 


—_=—- x «= = <— & = & 16 =p ce § 
=a —_ 
> __ ,; a 
———— SE Oe Hm ome mm Ole ae 
ee Od cee eee eee de el tree Be 
i mm 5 mmm Ge ey meaty aly 
eerie St «* eeeew of eee oe 
ae, ee 9 ae 
ee ee ee ae me fee ee aed 
Ae el | a 
eae See (ee =e) ow 
4 SB tit Teme aa 
SD PE FO ae 
_— -— 1 ee 6 eee eo ee 9 
A ae a am a eS ea emma ae 


— ole tee ——. —? <q 
» —e 























16 
where A is the splitting to the next orbital level,)) is the spin-erbit 
coupling coefficient, T the absolute temperature, M is a constant having a 
value of 4 or 6, and Nt, a constant equal tol er 7, depending upen wether 
resonance exchange or a Raman process is predominant. In free redicals, A 
is quite small, and as explained in Section C, A is large, resulting in large 
values for T+ Tms, the spin-lattice interaction is not usually strong 
enough to cause appreciable breadening by shoztening the Lifetime in the 
state. The reverse effect may occur, nowever; that is, the vaiue for 7, may 
be so large that at high power levels saturetion effects occur and hauogare 
eous broadening is preduced because the spins cannot return to the lower 
state quickly enough. This will cause beth a reduction in line intensity 
and a flattening of the line shape. 

The anisotropic electron spin-muclear spin interaction depends, as 
noted in Section D, upon the avereging of an orientation-dependent term over 
the orbital of the unpaired electron. For a fixed orientation of the radi- 
cal within the solid, detailed etieate reveals that the interaction with 
ene proton results in a doublet splitting with two rather large subsidiary 
shoulders, while the interactien with more than one proton becomes rather 
complex, although specific cases have been sctnolinnahe *Tumbling*® or rote= 
tion of the free radical in a random manner within the solid will tend to 
reduce the splitting. These ‘tumblings! are transitions between the rota- 
tional states of the molecule induced by interaction with the surrounding 
lattice. Seeen has show that the anisotropic dipolar interaction can 
average to zero, if the *tumbling’® of the protons is greater than the fre~ 
quency corresponding to the hyperfine splitting. 

In the free radicals studied here, an intermediate effect was found; 


that is, anisotropic dipole-dipele interaction was present, but as a breaden- 
ing of the lines. This was especially apparent in the effect on the observed 
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L7 
spectre of lowering the temperature to 77°K from 300°K. In these cases, a 
strong broadening of the lines was observed due to the hindered tumbling 
motions of the radicals at the reduced temperature. 

Electron spin-spin interaction between free radicals may also occur; 
however, the free radical concentrations are quite small in the compounds 
studied, and therefore this interaction plays little role in line broadening. 

A closely related effect is exchange narrowing, an interaction which 
results in an effective averaging of the anisotropic spin-spin interaction 
similar to the "tumbling! of the radicals mentioned previously, thus reduc-~ 
ing the line width. It also plays a significant role only for high radical 
concentration, the mest common case being for diphenyl-picryl hydrazil (DPPH). 

Inhomogeneous breadening is related to the inhomogeneity of the mage 
netic field at the sample. It is estimated to be within 0.1 gauss in this 
case and therefore will not contribute appreciably to the line widths ob- 
served. 

G Bediation Damage and the Cage Bifect. Creation of the unpaired 
electrons observed in these studies may occur in several ways. At first, 
ionization of the molecule takes place either directly, through Cempton and 
photoelectric processes, or indirectly through other secondary excitations. 
Once the event of radiation damage has occurred, the resulting products will 
then establish equilibriun with the surrounding media. This may be accom 
plished through reorganization of the electronic structure, or by reactions 
with the surrounding molecules to form more stable structures. 

in certain cases, as in the polypeptides investigated here, the electron 
vacancy may migrate to the site of a proton, combine with it and escape the 
molecule, leaving a free radical which is stable over long periods of time. 
In this case the radical is trepped (the cage effect) in the material of 
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18 
which it is a part. Movement of such radicals is restricted, while reaction 
with the cage walls only produces the products already present--hence, the 
mest stable configuration is reached. The redicals will be free to move 
about within the cage, this motion being the ‘tumbling" referred to in the 
previous section, which results in the reduction of anisotropic line broad- 
ening. 

He Polypeptide Structure. 
Amine acids in chains 
Are the cause, so the X-ray explains, 


Of the stretching of wool 


And its strength when you pull, 
And show wny it shrinks when it reins.* 


As early as 1800, systematic investigations of the complex substances 
which characterize *living* matter were under way; and in 1&4, shee 
applisd the term 'Pretein' to these substances. The simplest amino acid, 
glycine, was isolated and identified as a product of protein hydrolysis in 
1820, anc in the succeeding years a total of 26 amino acids have been shown 
to result frem decompesition of edie, With only slight variation, all 
the amine acids are characterized by the following basic structure: 


Hy, ip 
-C-C 
ys R ‘OH 


where R designates a particular side chain which is the distinguishing fea- 
ture of a particular aino acid. The carbon atom in the COOH group is in 
ep* hybridizatien and hence this group is planar, while the other carbon, 





*% Ae Le Patterson quoted by W. T. Astbury, Trans. Faraday Sec., 34, 
37 (1938). 
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19 
designated the oc ~carbon, is in an sp’ or tetragemal bonding configuration. 
Two isomeric forms may exist, the one shown, called the L, or levo form, am 
ite mirror image, called the D, or dextro form. 

In proteins or polypeptides, the various amino acid constituents are 
joined together through a process in which the carboxyl (COOH) group of one 
amino acid loses an OH which combines with an 1 from the amine (NH>) group of 
the next to form water and a covalent CO-Mi bend. This is termed "peptide* 
bending. The phenomenon of denaturization and the stretching of fibrous 
proteins have pointed to the existence of other bonding factors, notably the 
hydregen bond, which play a significant rele in the spatial confisuration 
fer polypeptide and protein chains. The hydregen bend involves the sharing 
of hydrogen atous between the nitrogen and the carbonyl oxygen of different 
peptide bends te form linkazes of the type —Miis « « 2 « eOC=. 

Bend energies for this hydrogen bend are rougnly 10-20 times weaker 
than other bonds in the chain. 

Humarous spatial configurations fer the proteins and the polypeptides 
have been proposed, taxing into account the factors mentioned plus the re~ 
wlts of I-ray and infre-red measurements. Of these, the "pleated sheet? 
structure for an extended peptide chain prepesed by Pauling and one me 
@ -keratin corresponds closely to that assumed fer the polypeptides studied 
in this thesis. In this model, adjacent peptide chains are joined through 
interchain hydrogen bending to form the layer or tsheet.* 

Final conclusions as to the structure of the synthetic polypeptides 
studied here have not been reached; however, and therefore further discus- 
sion of this aspect will not be attexpted. 

The samples used in these studies were synthesized in a one-step poly 
merization a than through the laborious step—by~step classi- 
cal synthesis of peptides, resulting in macromeleciles with varying molec.lar 
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20 
weights. In the discussion ef resulis, molecular weights listed will tuere- 
fore be an average for the particular sample. The structure of the indivi- 
@ual molecules is illustrated with the asseciated spectra for ease in 


interpretation. 
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Chapter III 
EXPERIMENTAL ARRANGEMENT 


Ae {eneyal. The experimental curves reported here were obtained frou 
@ standard X-band (3 cm. wavelength) spectrometer system, with a second 
derivative representation and rectilinear recording as provided by a Texas 
Instruments Corporation Recti/riter pen and ink recorder. A block diagram 
of the system used is shown in Figure l. 

The system is similar in principle and operation to the spectrometer 
described by Beringer and nile for the study of paramagnetic gasses, 
modified in this laboratory and adapted for use with single and polycrystal- 
line samples. The spectrometer employs a direct transmission scheme with a 
barretter or bolometer detector and phase sensitive lock in detection, an 
arrangement which possesses the advantages of simplicity and comparatively 
high detection btistieee 

B. ‘The Microwave Systeme ‘Microwave power is fed inte the system fren 
@ Varian type VA~20LB klystron operating at a frequency of 9.2 KMc. with an 
average power output of 50 milliwatts. External stabilization was not 
empjoyed, since this klystron, when water cooled, wes found to be sufficiently 
free fren frequency drift after an approximately 30=mimite warmup period. 
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Figure 4. SPECTROMETER SYSTEM 





23 
The klystren is electronically fine tuned at the regulated power supply to 
match the resonant frequency of the transmission cavity with the sample in 
position, and is coupled to the cavity through a ferrite gyrator and an 
attenuator. The gyrater end the attermmator as well as those other standard 
microwave components which were used, wiose functions and operations are 
well known, will not be described here. 

The cavity employed is operated in the TS 012 mede, and serves to con- 
centrate the microwave power at the sample. The cavity is shown in perspec~ 
tive in Figure 2, with the relative orientation of the D. C. magnetic field 
and the microwave magnetic field indicated at the location of the sample. 

It may be seen that at this position, centered in the cavity, the sample is 
in the maximm microwave magnetic field for maximum absorption, and also at 
minim microwave electric field to reduce non-resonant dielectric losses. 

For detection of the microwave power transmitted by the cavity, a 
Sperry type 821 barretter is utilized. The barretter has as its active ele=- 
ment a fine platinum wire which is mounted at, and parallel te, the maxima 
microwave electric field. When properly biased, the resistance of the bere 
retter is given by n 

R= R,+IP (32) 
where R= 100 ohms, J=6 ohms per milliwatt, n=0.9, and P is the total 
power, D. C. and microwave, dissipated in the barretter. Thus, changes in 
the microwave power transmitted through the cavity to the barretter are con- 
verted to voltage changes which in turn are amplified by a narrow-band lew 
noise amplifier and fed te the signal inpnt of a phase-sensitive lock-in 
detector. The barretter, being an ohmic device, displays none of the low 
frequency noise typical of crystal detectors, and therefore is preferable as 
a detector when low frequency magnetic ficld modulation is used, as in this 
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FIGURE 2. CAVITY DIAGHAN 
Diagram of TEg)> Cavity. Hy ts the microwave magnetic 
field, Ho» the f. C. magnetic field. Wave guide is standard 
i=band guide, operated in the TE, modes 
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spectrometer systen. 
Ce The Magnet System. The De C. magnetic field necessary for observa~ 
tion ef resonance may be found from the resenance condition, equation 9, by 
using a fixed frequency (J ) of 9.2 KMe., and a g-factor of 2: 


H= oe = 3286 gauss (32) 


This field is ree! F an electro~magnet with 3 inch diameter pole 
faces and a 5/8 inch air gap, powered by a benk of storsge batteries. This 
provides, without camplex regulating circuits, a relatively stable field 
which is homogeneous over the volume of the sample te within 0.1 gauss, a 
figure which is quite satisfactory for the polycrystalline samples used, 
since line widths greater than 2 gauss may be expected. 

To obtain the complete resonance pattern fer ¢ values diiiering sligntly 
from 2, with a fined microwave frequency, the resenance cendition indicates 
that the D. C. magnetic field must be varied. To accezplish this, the cur 
rent te the field coils of the magnet is taken from a bank ef 6AS7 tubes 
whose grid bias is contralled by a sweep cirenit driven in turn by a constant 
speed clock motor. This permits a linear sweep of the magnetic field over a 
range of 200-300 gauss at a rate of approximately 30 gauss per mimte. Fur- 
ther stabilization of the field is accomplished in the sweep circuit through 
the use of a degenerative feedback yl” 

For detection purposes, low frequency variable amplitude magnetic field 
modulation is employed. An audio escillater generates a 140ceps. sinewave 
which is amplified by a power amplifier and applied to a small modulation 
coil on the magnet. When passing through an absorption line, this magnetic 
field modulation is converted to an amplitude modulation of the transmitted 
microwave power in the usual manner. Because of the non-linear character of 
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26 
the absorption curve, however, the amplitude modulated microwave power trans 
mitted will now not only possess variations at the fundamental modulation 
frequency, but will include higher hameonics of the modulation frequency as 
well. 

Proper selection of the fundamental or the first harmonic frequency in 
the lock-in detector will then give signals proportional to the first or 
second derivative of the absorption line shape. This may be seen from a 
Fourier analysis of the amplitude of the transmitted microwave power in 
terms of the modulation frequency. Thus, if the mgnetic field varies with 
small amplitude as A cos wh about a point H,, the intensity of the micro= 


wave power P(H), will be given by (using a Taylor expansion): 


' J 
P(u) = P(e) + PUH,)Acos wit + EW fo skate a 


which may be written in the om 
P(H) = [P(H,) +4° PM(Ho Jeu | 
+[AP (ie)+ A Pm Jt] cos wt 
+[A°p P'(He) +3 A’ p™u, J+ Joos 2wt +H 


The second term in brackets ~ e the variation at the fundamental 


(34) 


frequency is primarily due to the first derivative of the line shape, while 
the third term in brackets shows that the second derivative of the line shape 
will be the primary factor in the amplitude of the first harmonic of the 


modulation frequency. Thus, selection of the first harmonic should then 
give a signal which varies as the second derivative of the line shape. 


This second derivative representation was chosen for several reasons: 

(1) The peak of the second derivative and the peak of the line shape 
occur at the same value of the magnetic field; 

(2) Weak hyperfine structure is more easily detected than in first 
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derivative recordings; 

(3) The appearance of the spectrum obtained more closely resembles 

the actual absorption curve. 

D. The Detection and Recording System. Final detection of the resonance 
absorption is accomplished by a phase-sensitive lock-in detector. Two sig= 
nals are fed into the lock-in detector, a reference signal of 280 cps. origi- 
mating at the audio oscillator via a standard frequency doubler, and the 
amplified output of the barretter. These signals are both amplified intern 
ally, the input signal from the barretter by a narrow band amplifier tuned 
to 280 cps. by the use of a twin-tse rejection filter in a negative feedback 
leop; and the reference signal in a circuit witich prevides for a variable 
phase shift of 0 te 180 degrees. These two signals, properly phased, are 
then applied to a Schuster a phase-sensitive mixing section, where a 
form of gating action takes place, in which the signal amplitude is only 
allowed through the stage by the peaks of the reference signal, thus reject=- 
ing randon noise beats which are not phase~coherent with the reference sig- 
nal. The output of this stage is then applied to one of a group of RC 
networks to permit selection of an appropriate time constant and then to a 
standard push-pull D. C. amplifier which in turn provides the signal propor 
tional to the second derivative of the line shape for the recorder. 

With the detection system just described, the sensitivity of this 
spectrometer is such that ~10)> unpaired spins may be detected. 
nl Techniguese Since the presence of air was found to 





have a strong quenching effect upon the free radicals formed in the polyper 
tides used, all samples were initially irradiated and observed in a vacimn, 
and then the effect of opening to air obtained. 

The position for the g-value marker (indicated by an arrow at the top 
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28 
of each spectrum illustrated) was located by superimposing the single sharp, 
strong line of a small pelycrystallins sarple of diphenyl-picryl-hydragil 
(DPPH) on the spectrum of the sample. The g-value for polycrystalline DPPH 
hes been accurately measured, and is listed as 

g=2,0036-0,0002 , (35) 

Line spacings were determined by calibration of the magnetic field after 
each run using a sample of zinc sulfide, with » 2t a5 an impurity. The all 
ion gives a spectrum of six lines roughly centered about g=2 whose spacings 
have been accurately sain The g-value for any line my then be 
determined quite simply by comparison with the DPPH parker, “baking use of 
the field calibration to determine AH, the splitting in gauss from tho rark= 
er, and the relation 


ae 96) 


g (untmewn) = 220036 ( I+ Re 


Measurements at 77°% were made with the aid of a special Dewer flask, 
constructed with a projection fitting the opening in the microwave cavity 
inte which s~all sample tubes my be placed while still remaining immersed 
in liquid nitrogen. Bolling of the liquid nitrogen causes extra noise from 
vibration of the sample tube in the cavity and was checked by pumping on the 
flask and super-ceoling the liquid nitrogen just prier to each rune 

Both roan temperature and liquid nitrogen sample tubes, as well as the 
Dewar flask projection were constructed frem Corning type 7070 glass which 
has an especially low attenuation of microwave energy. 

The free radicals observed were preduced by irradiation in a kilecurie 
Cobalt 60 source, with dosages ranging from 2~5 million reentgens. Prirary 
radiation fron this source consists of a 1.17 Mev. J-ray and a 1.33 Mev. 
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Chapter IV 
RESULTS 


Ae General Discusgione A number of synthetic polypeptides have been 
irradiated both at 77°K and 300°X and their spin resonance patterns have 
been observed. Early efforts to observe spin resonance effects for these 
samples at room temperatures and open to the atmosphere resulted in failure; 
therefore, all samples were initially observed in a vacuum and then the 
effect of opening to air observed fer each one. Further discussion of the 
important effects of air or axygen will be given in Section I. 

Since the primary radicals (see Chapter I) produced by irradiation at 
TUX are generally different from those observed at 300°%, each substence 
was observed as it warmed fron 77K to reem temperature in order to observe 
the effect of reducing the hindered rotation (causing dipele-dipole breaden= 
ing), and to observe radical changes as the spin density migrates within the 
molecule. After the radical has stabilized at 300°K, the temperature is 
reduced te 77°K again te check whether a change in the radical has taken 
place, or whether the increased molecular motions at 300° have just changed 
the appearance of the spectrum while the basic form of the radical remains 
unaltered. An irreversible change in the spectrum would indicate that the 
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30 
free radical or radicals produced at 77°K have changed in warzing to ones 
with a chemically different forn. 

Measurements on single crystals of organic aaa “has shown the 
complex spectra which may result for varying orientations of the radical with 
respect to the field, and yet give a deceptively simple appearing spectrum in 
powder form. For this reason, identification of the radical or radicals 
contributing to a powder spectrum mist be done with caution. Nevertheless, 
in these studies certain radicals were established with a high degree of 
certainty, and others will be postulated, whenever possible, to account for 
the spectra observed; however, aa mentioned in Chapter I, the important 
value of a study of this nature arises in the establishment of the charace- 
teristic behavior of individual amino acids when linked in long, pretein” 
like, peptide=-bended molecules. 

Two results of these studies deserve particular mention. First, with 
the exception of poly-L=proline and the ringed compounds poly-l-tyrosine and 
poly-L-tryptophan, the spectre observed fer the amino acids in these long 
chain molecules was found to differ considerably from thoce observed for the 
amine acids themselves. If, then, a particular amino acid residue is con= 
tributing to the spin resonance pattern of a protein or other similar pep- 
tide—bonded molecule, it would be expected to exhibit its characteristic 
peptide spectrum (as illustrated in the following sections), rather than the 
spectrum of the simple amino acid. Of the polypeptides investigated here, 
however, only poly-glycine and poly~sarcosine gave patterns identical to one 
of the patterns found for proteins. This provides further verification of 
the hypothesis that, in proteins at 300°X, the electren vacancies caused by 
the radiation migrate within the molecule to the glycine (or sarcosine) resi- 
dues where one of the protons is lost and the characteristic glycine-type 
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31 
radical is formed. A similar effect involving residues containing sulphur 
could not be verified because of the unavailability of ths associated poly= 
peptides. 

The second result concerns the quenching effect observed for all the 
polypeptide resonances when evacuated samples are exposed to air or axygen. 
Again, this behavior is not charactsristic of the simple amino acids, but 
may be found, to a somewhat lesser extent, in the proteins, the meleic 
acids, and other organic material. HKyarination of the mechanism of the ay- 
gen effect (Section I) reveals how spatial configuration plays an important. 
rele in determining the degree to which the spectruwa is modified by oxygen 
attacke 

Particular aspects of the spectra observed for individual polypeptides 
will be presented in the following sections. In these sections, compounds 
with similar molecular structure or chemical behavior have been grouped to= 
gether. 

B. he Glycine Group: Poly-Glycine and Poly-Sarcosine. Poly-glycine 
is the simplest of the polypeptides. The basic unit, glycine, is widely 
distributed among the proteins and appears in especially large proportions 
in collagen and elastin. The samples used here had an average molecular 
weight of 3,000 and hence the peptide chains contained an average of 52 
glycine residues. Since the end groups of the simple amino acids play an 
important rele in the radicals produced, it is apparent that in this case 
end group effects are negligible. 

Included in this section with polyeglycine is poly~sarcosine (H-wethyl- 
glycine), a substance of similar structure found in peamt proteins and in 
an antibacterial agent, actinomycin. The average molecular weight for poly= 
sarcosine is 2,500, so the peptide chains are 25 units in length, and 
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32 
again end group effects may be neglected. The spectra of poly-glycine at 
300°K and at 77°K are show in Figure 3; of poly-sarcosine in Figure 4. A 
segment of the molecule is indicated in each figure for ease in identifica- 
tion of the mdiecal; no effort has been made to indicate a spatial config~ 
uration, bond angles, bond lengths, or hydrogen bonding where it is expected 
te exist. 

Beth poly-glycine and poly-sarcosine display a doublet spectra at reon 
temperature with an identical splitting of 17 gauss between components. 
This suggests a radical of the form 
L4 0 
‘ it 
ig ee 
H 
for palyeglycine where coupling with the single proton on the oC-carbon re- 
sults in the doublet observed. Harly observations on di-and tri-peptides of 
glycine, and the later analysis of the doublet pattern in oriented silk 
strands tend to confirm this result. In the report on silk, Shields and 
= ealculated the isotropic Fermi coupling constant to be Ap #17 
gauss, assuming the same radical is produced, and then proceed to account 
for the orientation dependence of the doublet splitting on the basis of ani- 
sotropy in the coupling constant. This work indicates that 17 gauss is 
indeed the isotropic splitting to be expected for polyeglycine in peptide 
chains, while the observed line widths of ~§ gauss my be attributed to 
the anisotropic effects which broaden the lines in this power sample. In a 
vacuuz, this radical in poly~glycine is quite stable, with ne detectable de= 
crease in line intensity over a period of days. when ‘epeued te air, however, 
the intensity of the resonance begins an inmediate decay (see Figure 5) 


which continues until the signal is no longer detectable. No evidence of 


« 

 —, 4 > yy « ee ee 
= oe KH eee ss ov oe OP 

—— «=— = <= - i'—(et(a —— — Gap 





7 ae eee = = —— Ee ow - ee 


——ee fe eS te — 


=o ae ae | ae meses vs nanan nam 
eet eee ee “eg! ae wre Ge 
—- «© pom 

, 2 = 

=. &- e 












—ee— 6 6 a ae Oe & ott 
ewe eee ee eee oh 
Se) Se Cees ne & OD Ol hee, 
lee, te ee ee ey ge 
2+ ————- Cee a Cee 6 te Op 
ree 6 bees a e Lc * 48 ee oe ee 
OF 2 OE SS ey SE Se Or See 
2 © he oe om ae oe) 

— a ee Le 

O° ee ee ee ee Gee et 
rs te ee ee Fy 0! ee oe 














Fige 3 
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(Above) Segment of a Poly-Glycine moiecule. 

(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-Glycine: (A) Irradiated and 
observed at 300°K. (B) Irradiated and observed at IT K. 


(Second derivative representation. ) 
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Fig. 4+ (Above) Segment of a Poly-Sarcosine molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-Sarcosine: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed 


at TT°K. (Second derivative representation. ) 
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FIGURE 5. GPEN TO AIR SEQUENCE: POLY-GLYCINEG 
(A)=-(E) at same spectrometer gain, sample unmoved. 
(F) Next day, roughly the same gain settings. Split-~ 
ting. between components remains at 17 gauss throughout 
the sequence. 
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36 
the formation of a slightly asymmetrical singlet characteristic of oxygen 
bending (see Section I) is found for poly-glycine; however, the observed de= 
cay of the radical when opened to air indicates a positive effect. Since 
poly-glycine is io have a tightly packed structure, diffusion of 
molecular oxygen to the sites of radiation damage in the molecule may very 
well be inhibited to such an extent that recombination precesses occur at 
nearly the same rate, resulting in a reduction in signal intensity without 
the concentration of bonded axygen molecules becoming large enough to give 
rise to a detectable singlet. Thus, this would appear to be a verification 
that spatial cenfiguration within the molecule plays an important rele in 
the effect of oxygen on biclogical substances. 

Analysis of the possible radicals that may be produced in poly-sarcosine 
and still yield a glycine=-like doublet leads to the conclusion that a sinmi- 


lar radical mast be formed, ie. O 
° it 
“N~E ~C— 
L 
Tx 
H WH 


Comparison with poly-glycine, the identical conponent splitting of 17 gauss 
the sam /e js 

for poly~sarcosine, and the corresponding bshavior when pened to air, help 

to verify the form of the radical in beth compounds. 


the sample is 
When, irradiated and observed at 77°, the spectrum of poly-glycine now 


A 

displays a prominent singlet with weak, bread, and unresolved sheulders 
centered about ¢=2.0036. The exact nature of the radical or radicals pro- 
duced in this case is unimowm. The radiation producing the damage is suffi- 
ciently energetic to break any of the bonds or lonize the molecule, and a 
combination of these primary effects is likely to be contributing to the 


observed pattern. At this temperature, the most stable configuration for 
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37 
the unpaired spin produced by the radiation is not formed becauss migration 
of the electron vacancy is hindered. ton tala te 300°K (see Figure 6), 
initially the central single line sharpens due to the decrease in anisotropic 
dipole-dipele coupling caused by the increased molecular motions, and then 
guddenly the doublet characteristic of glycine appears. This would indicate 
that at this point, a significant mobility of the unpaired spins is allowed 
to permit migration and breaking of the hydregen bond on the 6@-carbon. 
When coupletely warmed, the sample shows the typical pely-glycine doublet 
with the exception of an apparent doubling of the lowfield camponent. At 
17K again, this pattern is replaced by a bread smeared-out resonance, show 
ing a strong anisotropic dipole-dipole effect. 

For poly-sarcosine, the observed spectrum at T1°K is a broad triplet 
with intensities roughly 1:2:1. Here again this may result from the contri- 
butions of several effects. Wen Ein the spectrum changes to the origi~ 
nal roan temperature pattern, exactly. Reducing the temperature to 17° 
again causes no appreciable change in the spectrum. No satisfactory explana- 
tion can be forwarded at this tim for this apparentlcontradictory behavior 
for thess similar compounds in the process of warming and then cooling again 
to 77°K. 

C. The Alanine Group: Poly-i-Alanine and Poly-Di-Alanine. Poly-l~ 
Alanine and the polypeptide forsed from the mixed isomers, poly-Di-alanine ; 
gave nearly identical spectra, as shown in Figures 7 and 8 Avernge molec= 
ular weights of the twe compounds were 5,000, indicating nolecules of 
approximately 70 units in length, so that effects from end groups were neg=- 
ligible. The basic unit, alanine, is one of the more widely distributed of 
the amino acids among the proteins, being found in collagen, hemoglobin, 
insulin, egg albumin, and many others. It forms approximately 30% by weight 
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FIGURE 6. WARMING SEQUENCE: POLY-GLYCING 
(D) After two days at 300°K. (E) Returned to 77° 
= 6 hours. Spectrometer gain remains the same, (A)= 
Ee 
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Fig. @ (Above) Segment of a Poly-L-Alanine molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Alanine: (A) Irradiated and 
observed at 300°K. (B) Irradiated and observed at TIK, 


(Second derivative representation. ) 
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Fig. 8 (Above) Segment of a Poly-DL-Alanine molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-DL-Alanine: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed at 
77°K. (Second derivative representation. ) 
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41 
of the composition of silk fibroin. 

At 300°K, the spectrum is a quartet with line intensities approximately 
1:3-5:3-5:1 and a splitting of 16.0 gauss between components. This suggests 
immediately a radical of the form 
Ho. OR 

—-N— C— C~ 
Wy 
with equal coupling of the unpaired electron with the three protons of the 
methyl group through the mechanism of hyperconjugation. The methyl group 
is thought to be rotating about the CC bond sufficiently at this temperature 
to average out any anisotropic coupling, so that just the isotropic Fermi 
coupling remains. Using the relation for the spin density, equation 29, and 
a proportionality constant, Q, of 26 gauss, a find 
cll (37) 
or a spin density of 69% on the OG-carbon. ‘The variation in line intens- 
ities from the ideal 1:3:3:1 pattern expected for the methyl radical would 
indicate a alight mixing of a radical in which the methyl group is removed 
and the unpaired electron interacts with the remaining proton. 

Contrary to the behavior of single crystals of alanine or alanine 
itself, the observed room temperature spectrémis affected quite strongly by 
the admission of air to the sample. Within 5 minutes the strong quartet is 
replaced by a rather weak singlet which then continues to decay and dis- 
appears(see Figure 9). Further explanation of this taxygen effect? and its 
importance will be found in Section I. 

4he Sample 's 

When irradiated and observed in a vacuum at 77°, the basic character 

ef the spectra is altered. The primary form is now that of a quintet, with 


the addition of a small line on the shoulder of the central peak « split 


—ees P ——— 



















a ss = <= @& © @& Che * te og die 
7 
0 Te ew 





V > 
- ‘ 


*» @6 
+= f= € @ be oo ate Soggy ill 
ee ieee eer: cee ” 7 oe ae 
eb. eS <== 1. ——————— we 
om fea’ ae ae. ee 
-" — ee ee oe 3 = 
SA en ee | 
‘ ; Vow | 
ee ee ee! et ee | 
ae aie ‘ee © chee eee ———s 
— ae —— Gee Sees) <= e ose’ 
— ee ee eee 
——— elle Gs 6 eae & ¢ ae © 
Ses SO wees Ce eee” oe ee 
Ce pee ee ee sr Fr ee 
-— —-2 or 6 1 «© £68 See & 4 oem, 
oe! ee ee oe ° Oe eee = 








FIGURES 9. OPEN TO AIR SEQUENCE: POLY=L—ALANINE 
Spectrometer gain remains the same in (A)=(D). Behavior 
of pely-DiLealanine is similar. Times listed are to the 
center of the resonance. 


POLY-L-ALANINE | 300°K 


(A)EVACUATED 


(B) IN AIR-5 MIN. 
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(C)IN AIR-25 MIN. 
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(D) IN AIR-37 MIN. 
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43 
from the peak by~ll gauss. The spacings of the components of the quintet 
are 21 gauss. As in many of the resonances observed at 7%, no plausible 
single radical can be identified here; apparently the pattern is the result 
of several superimposed radicals. Figure 10 illustrates the warming sequence 
typical of beth poly-L-alanine and poly-Dl-alanine. At 300°K, the typical 
room temperature pettern appears, with corresponding line intensities and 
splittings. The change is irreversible, Z%e., no change in the pattern takes 
place when the temperature is lowered to 77°K again, indicating a definite 
chemical change in the radical frem that which is originally observed at 
liquid nitrogen temperatures. 

D. he Valine Group: Folyci-Valine, Polynimleucine, and FolyeDimLeucine. 
The structure of poly-leleucine and poly-l-valine is quite similar. Both of 
the amino acids from which they are constructed possess side chains with 
two methyl groups at the ends, and exhibit similar chamical propsrties. both 
amino acids are iuportant in hwean metabolisn and are listed as timlispens=- 
able* to the diet. The molecular weights of the samples used were ~ 1,150 
for poly-l-valine, ~ 3,500 for poly-L=leucine, and 4,500-10,000 for poly~DL- 
leucine, giving molecules of ~18, -~ 30, and 40-56 residues in length. End 
group effects will therefore play little if any role in the spectre observed. 

At reom temperature, the spectrunof poly-l-valine is essentially a 
singlet as shown in Figure 11; however, very low amplitude magnetic field 
modulation shows the existence of structure, fe., the broad einglet appears 
actually to be an incompletely resolved doublet whose cazponents are spaced 
ev5 gauss apart. tease tant wo air, an extremely rapid quenching of the 
spectra is observed (see Figure 12)4 the resonance becoming almost undetect- 
able within three mimutes’ time. This may be contrasted to the 9 line 
spectra, unaffected by air reported for the simple amino acid, Levaline. 
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FIGURE 10. WARMING SEQUENCE: POLY—-DL-ALANINE 
This illustrates the migration of spin density to the 
room temperature configuration. Poly~L-alanine reacts 
in the same manner. (spectrometer gain is the same) 
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Fig. II (Above) Segment of a Poly-L-Valine molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Valine: (A) Irradiated and 
observed at 300°K. (B) Irradiated and observed at TT°K. 


(Second derivative representation.») 
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FIGURE 12. OPEN TO AIR SEQUENCE: POLY-L-VALING 
Gain settings are the same; time is measured from 
opening to air to the center of the resonance. Note 
the streng quenching effect for this radical. 
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POLY-L-VALINE 300° K 


(A) Evacuated 


(B) In Air— 3 min. 
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Poly-l-leucine and poly-Di-leucine display nearly identical spectre at 
300°K and at 77°K. (See Figure 14 and Figure 15). The primary character of 
the ream temperature curves is that of a strong doublet of ~ 20 gauss split- 
ting upon which is superimposed a rather weak and poorly resolved triplet. 
This might occur from a combination of two radicals, primarily one in which 
the R-group is removed, giving rise to the strong doublet, plus a small mix- 
ture of a radical in which the C-carbon preten is removed, and the unpaired 
spin density now interacts with the two nearest protons of the R group. In- 
teractiom with other protens in the R group are now likely to be too weak to 
be datectable. then opured air, a fairly strong singlet replaces the 
characteristic resonance. The singlet decays at a moderate rate becoming 
undetectable in 2 te 4 hours. (The anino acid, I-leucine, is unaffected by 
air and displays a complex pattern at 300°K.) When irradiated and observed 
at 77K, evacuated samples of the three polypeptides of this ssries exhibit 
spectra of a similar nature. All show a dominant single line, surrounded by 
six or eight smaller lines (the outer pair of lines are quite weak, and 
their presence is not definitely established) whese intensities de not fit 
the ratios expected fer equal or nearly equal coupling with six (er eight) 
pretons. 

When allowed to warm te 300°K, the spectra of all three compounds gradu- 
ally changed to the pattern which is observed for a sample irradiated at 
300°K, an example of which is shown in Figure 13 for poly-l-valine. Of inter 
est is the change from (A) to (B) in the figure, illustrating the effect on 
the sharpness of the lines when the anisotropic broadening frem hindered 
retations at 11K is removed by warring. Gradual migration of the spin dens- 
ity may be followed in (C) through (£) coupled with a loss in detection 
efficiency as predicted in equation 13. In (£), the characteristic room 
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FIGURE 12. WARMING SEQUENCE: POLY<L=-VALINE 
—. gain is the sare fer all spectra, 
A -(F * 
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(B) Warming 
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(D) Warming 


(E) 300°K 
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(Above) Segment of a Poly-L-Leucine molecule. 

(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Leucine: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed 


at 77°K. (Second derivative representation. ) 
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ae 15 (Above) Segment of a Poly-DL-Leucine molecule: 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-DL-Leucine: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed 


at T7°K. (Second derivative representation. ) 
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FIGURE 16. OPEN TO ALR SEQUENCE: POLY-L<-LEUCINE 
This sequence shows the moderately rapid quenching 
of Un, and the subsequent decay of the singlet produced. 
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POLY-L-LEUCINE 300° K 


(A) Evacuated 


(B) In Air— 2 min. 


(C) In Air- 6 min. 


(D) In Afr—14 min. 
ef 
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the spectrum obianet ater 
temperature spectranis finally reached, and ne, CNG Si sample to 


77°K is displayed in (F). The breadening and reduction in intensity ef the 
resonance in (F) is typical of the effect of anisotrepic broadening at this 
temperature. Similar effects are noted for the other members of this group. 





allows the investigation of the effect of substitutions in the basic R-group 
structure on the resonances observed. Segments of the polypeptide chains 
and the spectra obtained are illustrated in Figures 17-19. 

The basic residue of the group, the amino acid, proline, is widely die 
tributed among the proteins, with an especially large proportion in zein 
and gelatin, while hydroxy-leproline has a rather limited distribution ex- 
cept for a large amount in gelatin and collogen. (O.acetyl hydrexy-l-proline 
is an artificially substituted derivative of proline and is net found natur~- 
ally. Minimm chain length for this group is 26 residues, and therefore end 
groups will have littie influence. 

Curves for all three compounds show an expected similarity, both at 
300° and at 77 Ky the basic characteristic of all being a five line spece 
trum of varying line intensities and spacings. For pely-leprelinc, the 
existence of what apparently is a weak pair of lines outside the central 
triplet (see Figure 17) is in doubt. Repeated sweeps through the resonance 
did not consistently reproduce the pattern shown; however, a small variation 
in spectrometer sensitivity could easily mask such weak components. The 
central triplet may very well be due to a radical of the form 
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Fig. \7 (Above) Segment of a Poly-L-Proline molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Proline: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed at 


7 (Second derivative representation. ) 
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Fig. 18 (Above) Segment of a Poly-Hydroxy-L-Proline molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-Hydroxy-L-Proline: (A) 
Irradiated and observed at 300°K. (B) Irradiated and 
observed at 77°K. (Second derivative representation. ) 
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Fig. 19 (Above) Segment of a Poly-O. Acetyl Hyroxy-L-Proline 
molecule. (Facing Page) Electron spin resonance curves 
for an evacuated sample of Poly-O. Acetyl Hyroxy-L- 
Proline: (A) Irradiated and observed at 300°K. 

(B) Irradiated and observed at 77°K. (Second derivative 


representation. ) 
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where the unpaired spin density interacts quite strongly with the two pre~- 
tens on the closest carbon through hypercenjugation. Interaction with the 
other protons would exist, but only very weakly from a small overlapping 
spin density on the adjoining carbons, giving rise to the extremely weak 
components observed. 

The other two members of this series both display five line resonances 
at 300°K which in this case have component splittings of ~v12 gauss, roughly 
half that for proline. This probably involves a combination of unequal 
coupling with one and then twe protons, but identification of the possible 
radicals will not be attempted. 

An interesting comparison between these compounds may be derived from 
the effect of oxygen on the respective radicals. Both poly~L-proline and 
poly-O.acetyl<-hydroxy-L-preline show a strong quenching of the resonances 
weak singlets appearing within 4 mimites, which then decay. The spectrum of 
poly~hydroxy-l=—proline, however, remains unchanged when opened to air, but 
begins decaying slowly and gradually disappears in 24 hours. Thus there 
appears to be a stabilizing or protecting effect due to the addition of the 





xyl (OH) group to proline, which then is cancelled or counteracted with 
the addition of the acetyl group. 

When warmed, the poly-leproline and poly-hydrexy-l-eproline samples both 
change to the triplet characteristic of proline, while the rather umsual 
warming cycle for poly-O.acetyl hydroxy-l—proline is shown in Pigure 20. The 
effects of hindered rotation, spin density migration, and dipole-dipole 
broadening are apparent. 

The Ringed Group: Poly-l-Phenylalanine, Polj 


iyrosins, Foly-l-Tryptophan, and Poly-DieTryptephan. ‘The members of this 
group, phonylalanine, tyresine, and tryptophan, are found as a result of the 
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FIGURE 20. WARMING SEQUENCE: POLY-0.ACETYL-iYDROXY-L-PAROLINE 
This eequence shows the gradual development of the room 
temperature pattern. In (H) the effect of anisotropic 
broadening is readily apparent. 
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hydrolysis of a wide variety of proteins, although usually in rether mall 
eamountse All are characterized by the presence of an aromatic ring as part 
of their R-group structure. Average molsocular weights of the samples used 
were such that a minimm of 21 residues was present in the smallest mole~ 
cules, and hence end group effects wore neglizible. 

In early work on the amino acids of this group, the bread single res- 
enance of roughly 25 gauss spread, which would be expected for an unpaired 
spin density on the ring structure, was observed for both tyresine and tryp- 
tephan, while phenylalanine gave a similar broad resonance superimposed on 2 
triplet structure. In the polypeptides formed fren these compounds this be= 
havior seems to be the same (see Figures 21, 22, 25, 26, and 27), with the 
exception of the phenylalanines. In these two compounds, the spectrum at 
300°K now appears to be a strong bread resonance resulting fren a superposi- 
tien of a doublet of ~17 gauss splitting and, quite possibly, a bread trip~- 
let or singlet. This may occur as a result of breaking the C-C bond to the 
R group, leaving an unpaired electron to interact with the single remaining 
preton on the polypeptide chain backbone in a radical similar to poly-glycine 
and giving the doublet with ~17 gauss splitting. The additional broadening 
with an apparent center line would then arise from an unpaired electron sta~ 
vbilized on the ring structure and interacting only weakly with the attached 
CHp group. This radical structure shows a strong oxygen effect (Figure 24), 
the resonance disappearing within three minutes after being opened to air. 

In the polypeptides of tyrosine and tryptophan the resonances observed 
at roam temperature were extremely weak and short-lived even in a vacuum. In 
poly-l-tyrosins, it seems probable that the proton fran the Ol}! group would 
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in which the unpaired electron would be delocalized in the Tf -orbital sys- 
tem of the ring structure. llyperfine splitting from the protons on the ring 
would take place through the mechaniom of configurational interaction; how 
ever, splittings of ~2 gauss would be ee a and these would only 
cause an unresolvable breadening for these polycrystalline samples. 

Similar spectre are observed for poly-L-tryptophan and poly=-DL-trypto= 
phan. Loss of the M1 proten is expected for these compounds. This would 
produce a radical that would allow the unpaired spin to become delocalized 
on the two ring structures which are basically co-planar and this would have 
overlapping TT orbital systems. 

eee ‘ air, (see Figure 28) the bread singlet appears to becone 
enhanced. This unusual behavior may be explained by a consideration of the 
eharacteristics of the spectrometer system. In normal operation, low ampli- 
tude magnetic field modulation is exployed for maxcimm resolution of any 
closely spaced hyperfine splittings. This, however, lowsrs the relative 
intensity of bread resonances. In this case, the following sequence of 
events explains the effects seen in Figure 28. The broad resonance in (A), 
observed for the sample when irradiated in a vacuum, is replaced by a much 


narrower oxygen singlet when opened to air. This narrow line appears 
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etrenger, (B), because of the effects of field modulation. In (C) and (D), 
the normal decay of the axggzen singlet is observed. Unfortunately, the 
short lifetime of the resonance in poly-l-tyrosine in a vaewm prevented 
the observation of any similar axygen effect for it. 

At 77K, the tryptophan and tyresine samples again show the broad 
single resonance, with slightly greater intensity. This indicates that 
migration of charge may occur in these molecules even at this temperature. 
A contributing factor to this ease in migration undoubtedly is the high de= 
gree of planarity in the R group, resulting in overlapping TT -orbitals. 

ee significant changes take place; the resonances decrease in 
intensity, and rather quickly disappear. Lowering the temperature to 17° 
again does not make the resonance detectable, Ze., a definite decay of the 
radicals has occurred. 

For poly~L=phenylalanine and poly-Dl~phenylalanine, a representative 
warming cycle is shewn in Figure 23. Absence of the easily removed proton 
of the OH group found in tyrosine alters the behavior of these samples both 
at 300°K and at 77°K. Here, at 77°%, a broad quintet gradually changes to 
the singlet characteristic of an unpaired electron on an aromatic ring 
structure. 

Ge Zhe Acid Group: Poly-lmAspartic Acid and Poly-inGlutamic Acig. 
The members of this group are unique azong the polypeptides studied since 
the side chain or R group is terminated with a carboxyl group (COOii). Both 
amino acids are present in large amounts in plant proteins, while glutamic 
acid is of particular importance in tho metabolic precesses of plants, ani- 
mals, and micro-organisms. With average rolecular weights of 7,000-3,500 
and 15,000-20,000, corresponding to chains cf 61-74 residues for poly-l~ 
aspartic acid and of 116-155 resides for poly-l-glutaric acid respectively, 
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Fig. 2 | (Above) Segment of a Poly-L-Phenylalanine molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Phenylalanine: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed at 


77°K. (Second derivative representation. ) 
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age 2 2 (Above) Segment of a Poly-DL-Phenylalanine molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-DL-Phenylalanine: (A) 
Irradiated and observed at 300°K. (B) Irradiated and 


observed at 77°K. (Second derivative representation. ) 
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FIGURE 23. WARMING SEQUENCE: POLY-L-PHENYLALANING 
Spectrometer gain is the same, (A)=(E). 
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FIGURE 2. OPEN TO AIR SEQUENCE: POLY-L—PHENYLALANINE 
Spectrometer gain is the same in (A) and (B). 
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POLY-L-PHENYL ALANINE 300° K 


| (A) Evacuated 


(B) In Air-— 3 min. 








ence 25 (Above) Segment of a Poly-L-Tyrosine molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Tyrosine: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed at 


77°K. (Second derivative representation. ) 
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Fig.2 e (Above) Segment of a Poly-L-Tryptophan molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Tryptophan: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed at 


77°K. (Second derivative representation. ) 


66 


mel yY-L-TRYPTOPHAN (A) Sma 


a eee ere, 
/t+——-100 Gauss. ————> 


| (B) 77°K 


I~—————-100 GAuss ————>| 








\ eT OF 
Hox / 
H—C —H 


Fig.2 ’. (Above) Segment of a Poly-DL-Tryptophan molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-DL-Tryptophan: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed at 


TT. (Second derivative representation. ) 
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FIGURE 25. OPEN TO ATR SEQUENCE: POLY-L-TRYPTOPEAN 
(8) shews apparent increase in signal intensity iumedi- 
ately sfter being opened. (C) and (D) show subsequent 
ov of resonance. Spectroueter gain is the same (A)-< 
D)e 
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POLY-L-TRYPTOPHAN 500° K 
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end groups are expected to have no effect on the resonances. 

Poly-L-aspartic acid at 300° gives a triplet spectramwith intensities 
varying roughly as 1:2:1 and with an average splitting of 21 gauss between 
compenents. An unpaired electron left at the site of the OCcarben from 
removal of a single proton would interact with the protons of the adjoining 
carbon to give a spectrum of this nature. Removal of the proton from the 
OH group could also give a similar spectr@ providing the unpaired spin is 
delocalized sufficiently to interact with the adjoining CHg group. 

atin eumee te air, the spectrum disappears within 4 mimutes, leaving a 
weak singlet which then decays and becomes masked in the noise level. Paoly~ 
L=glutamic acid, with the addition of an additional CHo group to tho same R 
side chain, gives a compound doublet when irradiated at 300°X which remains 
unchanged when exposed to air except for a gradual decrease in signal strength. 
The splitting between the lines is ~2) gauss, while each primary line seens 
composed of two components separated by 3 gauss. The existence cf a single 
radical in this molecule that would give this pattern is unlikely, and no 
attempt will be made to establish probable forms for miltiple radicals in 
this case. 

Anisotropic broadening caused by hindered rotation appears in the spec= 
tra for both samples when irradiated and observed at 77k. Por poly-l- 
aspartic acid, the central three components seem unchanged except for this 
breadening, while a weak pair of outer lines has appeared. In addition, the 
warming cycle appears to be reversible, which bears out this assumption. 

For poly-L—glutamic acid, a set of four small outer lines appears sym 
metrically positioned about the bread central resonance, which again seems 
to display a doublet character. When the sample is warmed (see Figure 31), 
the resonance gradually changes to a pattern different from that observed at 
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Paci 29 (Above) Segment of a Poly-L-Aspartic Acid molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Aspartic Acid: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed at 


Tak (Second derivative representation. ) 
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Fig. 30 (Above) Segment of a Poly-L-Glutamic Acid molecule. 
(Facing Page) Electron spin resonance curves for an 
evacuated sample of Poly-L-Glutamic Acid: (A) Irradiated 
and observed at 300°K. (B) Irradiated and observed at 


77°K. (Second derivative representation. ) 
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FIGURS 31. WARMING SEQUENCE: POLY-L-GLUTAMIC ACID 
(next two pages). Notice that the radical formed when 
irradiated at 77° and then warmed differs from the 
radical or radicals formed when irradiated at 300°K. 
This is generally not true for the synthetic polypep- 
tides investigated here. 
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7, 
300°K. Here it appears that the radical or radicals fomed at 77° are of 
a different type from those formed at 300°X, an effect not observed in any 
other polypeptides except poly-lephenylalanine, poly-Dil—phenylalanins, and 
poly-0.acetyl~hydroexy~l—proline. 
H. Poly-L-Lygine limirebresidse. ‘This compound is formed with the aid 
of anhydrous hydrogen bromide, HBr - leaving an ionic bond, as noted in 
the diagram of the molecule in Figure 31. This ionic character and the 
great length of the side group in this substance probably all contribute to 
the absence of a detectable resonance in an evacuated room temperature sam 
ple. At 77°%, however, molecular motions are retarded and recombination is 
inhibited sufficiently that a weak, broad, single resonance occurs with 
weaker gide structure visible. 
As the sawple warms, anisotropic broadening is reduced, the migration 
of the spin density is facilitated, and in (B), the orbital of the unpaired 
electron has delocalized sufficiently to show interaction with 6 protons, 
giving the strong, sharp 7 line spectrum shom. This lasts only mmentarily, 
however; and as illustrated in (C) and (D), a rather quick decay follows as 
greater molecular motions begin. 
Ie Zhe Guyzen Effect. All the resonance patterns of the synthetic 
polypeptides observed thus far have displayed a rather strong effect upon 
_ the admission ef air to an evacuated sample at 300°K. For some samples ne 
change is observed other than an accelerated decay of the resenance. Others 
have their characteristic resonance replaced by a singlet, while still other 

“seem to be completely quenched. ‘This could indicate that three different 
effects are taking place. It is proposed here, however, that the variation 
in behavior neted is solely one of degree rether than an indication that 
different mechanisms have been operating on the radicals formed. 
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Fig. 3 C (Above) Segment of a Poly-L-Lysine Hydrobromide molecule 
(Facing Page) Electron spin resonance curve for an evacuater 
sample of Poly-L-Lysine Hydrobromide irradiated and ob- 
served at 77°K. No detectable resonance was observed in an | 
evacuated sample irradiated and observed at room temperatur 


(Second derivative representation. ) 
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PIGURE 33. 


WARMING SEQUENCE: POLY=LeLYSINE HYDROBROMIDE 


Note changes which occur ending in the quence of the 


radical. 


Spectrometer gain is the same, (A)<(D). 
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Molecular axygen bas been shown to be the cause of similar effects 


observed in certain organic substances, and hence the term Yaxygen effect! 
was intreduced. (NO has been found to cause a similar effect, usually 
termed an toaxygen effect by analogy.) In these polypeptide molecules, the 
mechanism is quite similar. Diffusion of molecular oxygen to the sites of 
the unpaired spins takes place and the electronegative oxygen combines with 
the previous radical to form a new peroxide radical, %-0-0°, where X is the 
previous radical. Here, the unpaired electron is localized in a three elec- 
tren bend between the two axygen atoms, and therefore no hyperfine structure 
would be expected. Furthermore, the flopping about of the Op axis at 300°K 
will reduce the spin-orbit coupling for this radical to make the resonance a 
fairly sharp singlet. More detailed investigation of the oxygen singlet re- 
veals a field dependent asymastry which is caused by anisotropy in the 
gefactor for the peraxide radical. The subsequent decay of the oxygen sing= 
let would then be caused by reaction of the peroxide radical to form vari- 
ous non-radical products. 

The three types of behavior for these polypeptides may then be explained 
with this one hypothesis. For poly-glycine, poly-sarcosine, poly-hydraxy- 
l~-prolins, amd poly~L-glutamic acid, diffusion of axygen to the redical 
sites is slow enough that decay of the peroxide radicals takes place et 
nearly the same rate, and concentration of the peroxide radicals is never 
large enough to be detectable. In this way, the only observable effect is 
the gradual decay of the initial resonance. The key rate determining mech= 
anism here is the rate of diffusion of molecular oxygen to the spin sites. 

In the second group, for which a singlet appears in place of the res= 
onance, diffusion is sufficiently rapid to permit formation of the peroxide 
radicals, which then decay rather slowly. The decrease in signal intensity 
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78 
here is now a measure of the decay rate of these peroxide radicals. 

For the third group, for which the resonance is apparently completely 
quenched, the formation and decay of the peroxide radicals is sufficiently 
rapid that no detectable concentration accumlates. In this case, a high 
diffusion rate for aggen and a high decay rate for the peroxide radical 
mast combine 

From this discussion, it is evident that the spatial configuration ean 
play an important rele in this effect. A more open lattice or molecular 
structure would allow the diffusion of axygen to the spin sites, while a 
tightly knit structure would restrict the attack by oxygen and maintain its 
characteristic spectrum over longer periods. Other factors may enter as 
well, 4c., the molecular oxygen is not likely to form a peroxide radical 
when the spin density is already concentrated on an axygen atom, as in a case 
where the proton is removed from an 0H group leaving 0°. 

A tabulation of the oxygen effect for the polypeptides investigated is 
included in Table I for convenient reference. 
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Table I 
THE OXYGEN EFFECT FOR SY:ITHETIC POLYPEPTIDES 


l. "Small? Effect--(spectrum retains the same character, but decays when 
opened to air) 


Poly-Glycine 
Poly-Sarcosine 
Poly-Hydroxy-L=-Proline 
Poly-L-Glutamic Acid 


2. ‘Moderate? Effect=~(spectrmm changes to a singlet which then decays) 
Poly«L~Alanine 
Alanine 


Poly=-DL~ 

Poly-L-~Leucine 

Poly-DL-Leucine 

Poly-L-Preline 

Poly~O Acetyl =tiydraxy~L=-Proline 
Poly-Le- 


Tryptophan 
Poly-DL-Tryptophan 
3¢ %Strong* Effect-—(spectrum is completely quenched before a sweep 
through the resonance can be made 


Poly-L-Valine 
Poly~L—Phenylalanine 
Poly~DL-Phenylalanine 
Poly~le-Aspartic Aci 
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